The expanding molecular database provides unparalleled opportunities for characterizing genes and for studying groups of related genes. We use sequences drawn from the database to construct an evolutionary framework for examining the important glycolytic enzyme phosphoglucomutase (PGM). Phosphoglucomutase plays a pivotal role in the synthesis and utilization of glycogen and is present in all organisms. In humans, there are three well-described isozymes, PGM1, PGM2, and PGM3. PGM1 was cloned 5 years ago; however, repeated attempts using both immunological approaches and molecular probes designed from PGM1 have failed to isolate either PGM2 or PGM3. Using a phylogenetic strategy, we first identified 47 highly divergent prokaryotic and eukaryotic PGM-like sequences from the database. Although overall amino acid identity often fell below 20%, the relative order, position, and sequence of three structural motifs, the active site and the magnesium-and sugar-binding sites, were conserved in all 47 sequences. The phylogenetic history of these sequences was complex and marked by duplications and translocations; two instances of transkingdom horizontal gene transfer were identified. Nonetheless, the sequences fell within six well-defined evolutionary lineages, three of which contained only prokaryotes. Of the two prokaryotic/ eukaryotic lineages, one contained bacterial, yeast, slimemold, invertebrate, and vertebrate homologs to human PGM1 and the second contained likely homologs to human PGM2. Indeed, an amino acid sequence, derived from a partial human cDNA, that fell within the second cross-kingdom lineage bears several characteristics expected for PGM2. A third lineage may contain homologs to human PGM3. On a general level, our phylogenetic-based approach shows promise for the further utilization of the extensive molecular database.
Introduction
Phosphoglucomutase (PGM) is a ubiquitous enzyme that is expressed in all organisms from bacteria to plants and animals. PGM acts at the threshold of glycolysis and has a pivotal role in the synthesis and utilization of glycogen. Early genetic studies of PGM revealed that the human isozymes are encoded by three gene loci, PGM1, PGM2, and PGM3, on separate human chromosomes (Harris and Hopkinson 1976) . Other studies have demonstrated multiple loci for PGM and PGM-like enzymes in several eukaryotic and prokaryotic species (e.g., Rattazzi, Scandalios, and Whitt [1983, 1987] and the references available via the accession numbers cited in this paper). Indeed, there appear to be relatively few species where PGM is encoded by a single locus (e.g., Drosophila melanogaster; Lindsley and Zimm 1992) .
The physical and biochemical properties of the PGM isozymes are very similar, but there are some differences in substrate specificity. For example, human PGM1 and its homologs appear to be the true phosphoglucomutases, PGM2 is a phosphoribomutase, and PGM3 has a low affinity for gluco-and pentomutase substrates. Nonetheless, because of the overall similarity in size and subunit structure, it was concluded that the human PGM gene family had arisen by gene duplication (Harris and Hopkinson 1976) . It was anticipated that the overall architecture of the ancestral protein was retained and that relatively little sequence divergence accounted for the different substrate specificities.
This appears not to be the case. The first indication that there might be considerable divergence between the PGM loci arose from immunological studies. High-affinity anti-rabbit PGM1 polyclonal antibodies cross-react strongly with PGM1 homologs from mammals, fish, and amphibians but do not recognize human PGM2 or PGM3 or their homologs in other species (Drago et al. 1991; unpublished observations) . Similarly repeated attempts (Ives 1995; Tomkins 1996) , using the human PGM1 cDNA sequence as a probe, failed to identify other human PGM loci, apart from a sequence designated PGM5 or PGM-RP (Edwards et al. 1995; Moiseeva et al. 1996) , which is highly homologous to PGM1 at the nucleotide level, and the gene product cross-reacts with anti-PGM1 antibodies. Thus, both molecular and immunological data suggest that marked sequence divergence has occurred within the PGM gene family, and the gene duplications leading to PGM1, PGM2, and PGM3 in humans and other species may be ancient.
We have therefore investigated a phylogenetic approach to help identify divergent evolutionary lineages that may contain the human PGM2 and PGM3. This approach takes advantage of the expanding molecularsequence database and increased understanding about the structure and function of phosphoglucomutases and related phosphomannomutases based on the fundamental work of Ray and his colleagues (Ray and Peck 1972; Dai et al. 1992) . We searched genome databases with the complete PGM1 protein sequence and also with conserved functional motifs from within the catalytic cleft in an attempt to identify distant members of the PGM ''superfamily.'' The relationships among these proteins were then examined using standard phylogenetic software (MEGA: Kumar, Tamura, and Nei 1994; PHYLIP: Felsenstein 1995; PAUP: Swofford 1993) . In this way, we have explored the evolutionary dynamics of the diversity of genes encoding this glycolytic enzyme family. Here, we show that the PGM superfamily is composed of several very divergent evolutionary lineages. We report that one of these lineages, which has both prokaryotic and eukaryotic sequences, contains the likely homologs to human PGM2 and that another lineage contains eukaryotic sequences that may be homologous to human PGM3.
Methods

Identification of Sequences
Sequences were obtained directly from the primary sequence databases (GenBank Release 98.0, EMBL Release 49.0 DNA databases, and SWISS-PROT Release 34.0 protein database) and species databases (Synechocystis spp. and Methanococcus jannaschii) using two searching strategies. In the first approach, homology searching was done with the full amino acid sequence of phosphoglucomutases and phosphomannomutases, or conserved peptide motifs based on the active site peptide and the magnesium-binding loop, using either BLASTP (amino acid query sequence against the protein database), TBLASTN (amino acid query against the DNA databases translated in all six reading frames), or equivalent FASTA programs. The initial screen using the human PGM sequence identified about two thirds of the sequences used in the study. In subsequent rounds, the databases were screened with PGM/PMM sequences showing least homology to human PGM. In the second approach, we used STRINGSEARCH (GCG program package) to identify sequences in which the key words phosphoglucomutase or phosphomannomutase appeared in the definition. DNA sequences were translated using TRANSLATE (GCG program package) bearing in mind that in Mycoplasma pirum, UGA codes for tryptophan (W), and in Paramecium tetraurelia, UAA codes for glutamine (Q). We did not perform homology searches of the DNA databases using DNA as the query sequence since the high degree of nucleotide replacements expected across the timescales we have considered will have obscured evolutionary relationships.
To avoid the biasing effect of duplicated or very closely related sequences, we excluded a number of sequences from the study. For example, for the mammals, we excluded PGM1 sequences from rabbit and rat, as they are approximately 97% identical to human PGM1, and we excluded mouse phosphoglucomutase-related protein (PGMRP), since it is highly homologous with human PGMRP. Where exact duplicates were retrieved from the databases, we omitted the more recent submission.
Numerous expressed sequence tags (ESTs) have been deposited in the databases, and we retrieved several that resembled PGM in a variety of mammalian species. Those corresponding to PGM1 or PGMRP were excluded, since the full sequences were included in the phylogeny. The human ESTs we employed for the PGM2 analysis, deposited by the IMAGE consortium and Genethon, were used to design PCR primers. A partial cDNA PGM2 contig was constructed from rtPCR products amplified from the cell line K562, which expresses high levels of PGM2 (Tomkins et al. 1997) , and an EST clone that was obtained from the IMAGE consortium via the UK HGMP.
Sequence Alignment
The 48 amino acid sequences analyzed in this study and the pairwise distance matrix are available by anonymous ftp from ftp.gene.ucl.ac.uk. The sequences were aligned using PILEUP (GCG program package). A gap length of 3.0 and a weight of 0.1 were chosen, since these values minimized the number of insertions and deletions and aligned the magnesium-and putative sugar-binding motifs. The active site (consensus TASHNP) was aligned in all sequences except for the lineage that contained the N-acetylglucosamine phosphomutase (AGM) sequences.
Phylogenetic Analysis
Phylogenetic trees were produced using both neighbor-joining and maximum-parsimony methods. Neighbor-joining distance trees were produced using the phylogenetic package MEGA (Kumar, Tamura, and Nei 1994) . Amino acid differences between sequences were corrected for multiple substitutions using a gamma correction. In this correction, ␣, the shape parameter of the gamma distribution, was set to 2. With ␣ ϭ 2, the distance between any two amino sequences, d ij , is approximately equal to Dayhoff's (1979) PAM distance per site (Kumar, Tamura, and Nei 1994) . Phylogenetic trees were also generated using parsimony. For this analysis, we employed two weighting schemes. In the first, amino acid changes were unweighted; thus, a change from one amino acid to any other was equally probable. In the second, amino acid changes were weighted according to the minimum number of nucleotide substitutions encoding that change (Fitch and Margoliash 1967) .
Support for the major nodes within both distance and parsimony trees were evaluated by the bootstrap (Felsenstein 1995) . For the unweighted parsimony tree and the distance trees, 500 bootstrap replicates of the whole data set were examined. However, the size of the data set and the complexity of the weighting scheme made computation of the bootstrap values for our weighted parsimony trees impossible. In this case, one of a pair of sequences that were 90% or more identical was eliminated, and bootstrap values for major nodes were constructed from this subset of the data.
Results
Forty-eight PGM-like amino acid sequences were selected, including true phosphoglucomutase and phosphomannomutase enzymes as well as related enzymes and proteins such as N-acetylglucosamine phosphomutase (AGM) and the mammalian PGMRP and some as yet uncharacterized proteins. The sequences spanned all five kingdoms and included 13 from 7 different eukaryotes (1 vertebrate, 2 invertebrates, 2 yeasts, 1 plant, and 1 slime mold) and 35 prokaryote sequences (20 species of eubacteria plus an archaebacterium).
The phosphoserine and magnesium-binding motifs were recognized in all 48 sequences, and the putative sugar-binding motif, though less well conserved, was also identified (table 1). These three motifs always occurred in the same linear order: the magnesium-binding site was central, with the phosphoserine site on the amino terminal side and the sugar-binding site on the carboxy terminal side. However, the amino acid sequences varied greatly across the entire protein. For example, the two most divergent sequences, spinach PGM and Caenorhabditis elegans AGM, were only 9% identical. The lengths of the complete protein sequences were similarly divergent and ranged from 445 to 622 amino acids.
Phylogenetic trees obtained either from the parsimony or the distance method had nearly identical topologies, with each of the 48 proteins falling into one of six major lineages, A-F ( fig. 1) . Each of these lineages received high bootstrap support ( fig. 1) . To avoid the danger of overemphasising lineage F, which did not align the phosphoserine site with the remaining sequences and might therefore have artificially drawn the other lineages together, we repeated the phylogenetic analysis -Phylogeny of the phosphoglucomutase superfamily. This tree was produced using the neighbor-joining method from a distance matrix in which amino acid differences between sequences were corrected for multiple substitutions using a gamma correction. The bold vertical bars indicate the positions of the six major lineages, A-F. Percentage support in 500 bootstrap replications is given below the major branches. Trees produced under maximum parsimony were nearly identical. Note that H. sapiens (EST) in lineage C represents the position of the incomplete protein estPGM2. using the 48 sequences manually adjusted to align the TASHNP motifs; we also analyzed the data excluding lineage F. In both of these cases, the topology of the tree was scarcely affected except for the spinach sequence, which was moved from lineage A into an outlying branch of the adjacent lineage B. We also separately carried out further phylogenetic analysis on the two regions between the three conserved functional motifs (but excluding the motifs themselves). In both cases, the basic topology of the phylogeny was retained with some minor changes in relative position.
Within the major lineages, amino acid identity could be as low as 21%, but each group was characterized by high conservation of the phosphoserine, magnesiumbinding, and putative sugar-binding motifs (table 1) . For instance, in group D, these motifs were identical in the human PGM1 homologs in yeast, slime mold, C. elegans, and mammals, except for the nonenzymatic PGMRP, and differed only marginally from the prokaryotic homologs. There was very little divergence in the sequence of these motifs throughout the entire phylogeny. Even in the eukaryotic AGM lineage (F), where the preferred substrate is N-acetylglucosamine phosphate in contrast to simple phospho-sugars, all three signatures were immediately evident. In addition, the overall sizes of the proteins within any particular group were generally similar. For instance in group A, 14 of the 16 sequences fell between 448 and 470 amino acids; the two exceptions include a eukaryote, spinach (Spinacia oleracea), for which n ϭ 583, and a prokaryote, Azospirillum brasilense, for which n ϭ 658 (table 1) . The extra length at the amino terminus of the spinach sequence is thought to be due to the addition of a leader sequence, and, in our view, the long amino end of the A. brasilense (u20583) sequence may also represent some sort of leader rather than the beginning of the apoenzyme.
Of the six lineages, A, B, and E were almost exclusively prokaryotic, although this may reflect that the corresponding eukaryotic clones are not yet in the database. Lineage A, composed of prokaryote phosphohexomutases, was subdivided into a group of protobacterial phosphohexomutases, characterized by the presence of the GEMSGH motif, and enterobacterial phosphohexomutases, which have a GEMSAH motif (table  1) . Sequence identity within these groups ranged from 55% to 98%. Within the enterobacterial cluster, there is evidence for the expression of many phosphohexomutases from multiple loci. The details are complex and not completely understood, but the evidence suggests that there are at least two distinct gene clusters, rfb and cps (Stevenson et al. 1991 (Stevenson et al. , 1996 Reeves 1993) .
Two noneubacterial sequences, the putative PMM of the archaebacteria Methanococcus jannaschii and the putative PGM1 of the spinach S. oleraccea also fell within lineage A, but outside the two eubacteria subgroups. The M. jannaschii was between 22% and 36% identical to the eubacterial sequences. The putative plant PGM1 was slightly more divergent (between 20% and 25% identical) and was positioned between lineage A and lineage B.
Lineage B also contained archaebacteria and eubacteria sequences. The amino acid similarity between the eubacteria and archaeobacteria proteins was also approximately 30%. Within this lineage, only the function of Helicobacter pylori protein (x57132) has been established. This enzyme is required for urease activity (Labigne, Cussac, and Courcoux 1991), and given the high level of conservation of the functional motifs (table 1) , it seems likely that the other proteins also play a role in urea metabolism. The other prokaryote lineage, E, contained genes from Salmonella enterica and Vibrio cholerae that map within the rfb clusters, but which have diverged substantially from the PGM-like rfb cluster genes in group A.
The C and D lineages consisted of both prokaryotes and eukaryotes. The largest of these, D, contained the true bacterial PGMs represented by a diverse array of eubacteria (Synechocystis spp., Acetobacter xylinium, Mycobacterium tuberculosis, and Escherichia coli) and the eukaryote homologs of mammalian PGM1. Within the eukaryote portion of lineage D, there have been numerous gene duplications. For example, the yeast, Saccharomyces cerevisiae, possesses two homologs of human PGM1. Oddly, anchored within the eukaryote PGM1 cluster was a protein from the eubacterium Agrobacterium tumafaciens. This was between 51% and 56% identical to the eukaryote PGM1 homologs but markedly divergent (Ͻ25% identity) from the other bacterial PGM1 sequences.
The prokaryote/eukaryote lineage, C, was composed of six sequences; three from Mycoplasma, a Streptococcus sequence, a hypothetical protein from the yeast S. cerevisiae, and a partial human amino acid sequence. This human sequence, estPGM2, was deduced from a cDNA assembled from two ESTs that encoded the phosphoserine site and magnesium-binding motif, respectively (manuscript in preparation). The full-length sequences in this lineage varied in size from 544 amino acids for the prokaryotes to 622 amino acids for the yeast sequence and were between 24% and 61% identical. Although little is known about the function of the bacterial genes, the M. pirum ''PMM'' maps to a cluster of genes involved in the nucleotide biosynthesis pathway (Tham et al. 1993) , suggesting that the protein may be a phosphopentomutase rather than a phosphohexomutase. Lineage C probably represents the evolution of human PGM2, and we have designated the human sequence estPGM2 (unpublished data).
Lineage F contained only eukaryotic protein sequences and represents the evolution of N-acetylglucosamine phosphomutase. The proteins in all three species, Schizosaccharomyces pombe, S. cerevisiae, and C. elegans, were of similar size but were only approximately 43% identical. The distance between the phosphoserine site and the magnesium-binding motif was greater within this lineage (range 209-227) relative to the other 45 sequences (range 130-178) (table 1).
Discussion
The major practical purpose of our study was to determine if phylogenetic analysis could assist in the identification of uncharacterized phosphoglucomutase genes, specifically homologs of human PGM2 and PGM3. Our phylogeny shows that the PGM superfamily has six major lineages, A-F. Lineage D clearly contains the prokaryote and eukaryote homologs to human PGM1. In principle, any lineage could represent the evolution of human PGM2 and PGM3. By comparing the human amino acid sequence estPGM2 with our phylogeny of 47 full-length protein sequences, we suggest that lineage C contains human PGM2.
The candidate sequence, estPGM2, maps to human chromosome 4p12, which is within the region previously established for PGM2 (McAlpine et al. 1990 ). This sequence, which shares 40% identity with the S. cerevisiae sequence in lineage C, also bears several of the expected characteristics of human PGM2. The magne-sium-binding motif in this lineage, DPDADR, is completely conserved in all six sequences, and the TASHNP and FEEAIG motifs are highly conserved (table 1) . This may suggest a uniformity of substrate specificity. Human PGM2 is primarily a phosphoribomutase rather than a phosphoglucomutase (Harris and Hopkinson 1976) . Interestingly, the M. pirum gene in lineage C is part of a cluster of genes involved in nucleotide metabolism, which has led to the suggestion that this protein is a phosphopentomutase too (Tham et al. 1993) .
The N-acetylglucosamine phosphomutases, lineage F, show some increase in the distances between the three functional motifs (table 1) . For example, in the eukaryotic PGMs in lineage D, the mean distances between TASHNP, DGDGDR, and GEESFG are 167 and 80 amino acids, respectively, whereas in the AGMs of lineage F, these intervals are 216 and 90. Although we are not certain about the position of PGM3, which is a poor phosphoglucomutase, lineage F represents a possible candidate. Yeast AGM and human PGM3 both retain residual phosphoglucomutase activity and are of comparable molecular weight (62,000 and 65,000 Daltons, respectively).
The 48 sequences we have analyzed are extremely diverse. In many cases, differences between sequences fall well below the 25% identity level believed to indicate shared ancestry (Hobohm and Sander 1995) . Despite this, we believe that the 48 sequences represent an extended gene family that has descended from a common ancestral gene that predated the emergence of the five kingdoms. Although the amino acid sequences are often very divergent, even within clades, functional organization of the proteins is retained across the whole phylogeny. There is, however, a minor group of unrelated proteins that also has phosphohexomutase activity. These are the homologs of S. cerevisiae SEC53 protein and are represented by just four sequences, two yeast and two human. The proteins are much smaller (about 260 amino acids) and have none of the characteristic functional sequence motifs displayed in our 48 sequences (Matthijs et al. 1997b) ; moreover, kinetic studies suggest that the interconversion of sugar phosphates proceeds via a different reaction mechanism (Matthijs et al. 1997a) . This is a clear-cut case of convergent evolution, which has been observed in many other large enzyme families, such as the carbonic anhydrases (Hewett-Emmett and Tashian 1996) and the alcohol dehydrogenases (Jornvall et al. 1987) .
Our phylogeny of the PGM/PMM superfamily reveals a complex evolutionary history marked by duplications, translocations, and at least two cases of transkingdom horizontal gene transfer. Some of the duplicated genes perform novel functions. For example, yeast possesses two PGM1-like genes that retain a similar enzyme function but have undergone a change in regulation (Boles et al. 1994) . One of the genes is constitutively expressed, whereas the other is induced by galactose (Oh and Hopper 1990) . In humans and mice, a PGM1 paralog, PGMRP, has lost phosphoglucomutase activity and has become a structural protein that appears to interact with cytoskeletal proteins in the adherens type cellular junctions (Belkin et al. 1994; Belkin and Burridge 1995) . The paramecium PGM-like protein, parafusin, shows no PGM activity (Andersen et al. 1994 ), but instead acts as a glucosylphosphotransferase acceptor protein (Satir et al. 1990 ).
There is also evidence that transkingdom horizontal gene transfer has occurred. The phylogenetic position of the spinach plastidic PGM1 sequence within a bacterial PMM lineage (A) suggests that it may have originated from a proto-chloroplast genome. A more surprising example is the apparent transfer of a eukaryotic PGM1 homolog to the plant bacterial pathogen A. tumafaciens. The A. tumafaciens PGM sequence falls within the wellsupported eukaryotic cluster of group D ( fig. 1) . It is 56% identical to the human PGM1 sequence, while it is only 24% identical to the equally well supported bacterial cluster in this group. Given that the entire genomes of several prokaryotes have been sequenced, it is unlikely that a completely new prokaryotic PGM1 lineage will be identified. There is a clear mechanism for horizontal gene transfer in the Agrobacteria, since their life cycle depends on the transfer of a plasmid to the plant host. There is good evidence that plants have incorporated bacterial genes transferred by such plasmids (Meyer, Ichikawa, and Meins 1995) . The new evidence presented here is that the reverse also occurs.
As a result of widespread genome sequencing efforts, protein sequence databases are becoming increasingly large. It is estimated that between 40% and 65% of newly recorded sequences will show significant similarity to proteins of known function and that many of these sequences will show similarity to each other (Sonnhammer, Eddy, and Durbin 1997) . Automated approaches to searching genomic and protein sequence databases for families of proteins defined by conserved functional domains are rapidly developing. There can be little doubt that protein family cluster databases such as Pfam (Sonnhammer, Eddy, and Durbin 1997) , Prints (Attwood et al. 1996) , and Blocks (Henikoff, Pietrokovski, and Henikoff 1997) will eventually enable the identification of distant subfamilies. Using our phylogenetic approach, which employs a combination of protein sequence analysis, functional motifs, and biochemical and genetic criteria, we have been able to identify distant members of the PGM gene superfamily. On a practical level, we have demonstrated the utility of this phylogenetic approach for detecting at least one hitherto uncharacterized member of this gene family in humans.
